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In their review of modern testing machines, Hudson et al. [2] attribute the first utilization of CLC in a testing machine to Bernhard in 1940. His testing system could control the load, loading rates, displacement, and displacement rates. The basic principles of closed-loop testing machines remain the same, but the components have been improved considerably over the years. These modifications also led to the increased utilization of CLC in the testing of brittle materials, such as concrete and rock, whose failure is generally unstable and catastrophic. Some of the first closed-loop controlled tests of brittle materials were those conducted at the University of Minnesota in the 1960s [2] on rock specimens. The first application of CLC in a study of concrete behavior appears to be that of Swartz and his co-workers [3] , where the crack opening of notched and precracked beams was controlled directly in order to obtain stable crack propagation.
The present review discusses the importance of closed-loop controllers, servohydraulic testing systems, and the controlled variables. The current state-of-the-art in the closed-loop testing of concrete is presented, along with specific illustrative examples of its use. It is demonstrated that CLC is beneficial for both material and structural testing, increasing the precision, stability, and scope of the tests.
transferred from the environment to the system, and the system outputs are those that are received by its environment. Testing machines for concrete specimens and structural elements can be considered as systems, whose components are the actuator, test frame (including the loading fixtures), controller, transducers, and the specimen itself. The inputs are the loading functions, such as loading rates and waveforms imposed by the operator, while the outputs are transducer signals that can be converted to data. The capabilities of the testing system reflect its ability to respond accurately to a wide range of inputs. This depends mainly on the controller and the manner in which the actuators are controlled, commonly known as "the control."
In general, the control can be classified as open loop or closed loop, where the loop signifies the use of the system output as feedback by the control process. In open-loop control, the output is not used by the controller, and the process depends only on the system input (see Figure la) . The variables that can be controlled in such systems are usually the actuator (piston) displacement and applied load (or pressure), which are not significantly affected by the behavior of the test specimen. This is analogous to other automated systems such as programmable washing machines and toasters. In CLC, the output of the controlled variable is directly monitored by the controller (see Fig. lb ). This can, therefore, be any quantity that is accessible to the controller, such as specimen displacement, strain, and crack opening. Its actual and desired (reference input) values are equalized indirectly by the controller by manipulating the movement of the actuator. Analogies include the control systems of aircraft, autopilots of ships and planes, and cruise control in cars. CLC has also been applied in the active control structures [4] where the process is similar to testing systems.
In closed-loop controlled systems, as shown simply in Figure lb , the current value of the controlled variable is fed back to the controller and compared with the reference input signal. The difference between the two signals (i.e., the error) is used to manipulate the actuator, and, therefore, the process is also known as negative feedback control. The reference input in testing machines is provided by a function generator. The feedback signal is normally the output of a transducer, which is monitored continuously in analog controllers and sampled at discrete instants in digital controllers.
Obviously, the scope of CLC is greater than openloop control, because the range of controlled variables is much wider. Even for the same controlled variable, say, piston displacement, the closed-loop system produces a more accurate output than the open-loop system. However, CLC has a few drawbacks; the most important, other than higher initial cost, is that the system requires more operator skills because improper use could make the system unstable and oscillatory. Also, there is always a lag between the actual response and the corrective action of the controller, which may result in the loss of control, overcorrection, or undercorrection. Due to these considerations, closed-loop controllers have to be properly designed through modeling and analysis. The theories and techniques used in the analysis, as well as a more mathematical treatment of control systems, can be found in books such as those by Schwarzenbach and Gill [5] , Franklin et al. [1] , and Kuo [6] .
CLC is most useful when there is a rapid and unpredictable change in system input or in the specimen behavior. Therefore, the transient response of the system in the time domain is important. This is normally evaluated by imposing a step input and the response described by the parameters shown in Figure 2 . All these parameters are strongly interrelated and have to be optimized to get the best transient performance. On the other hand, the performance of the system under dynamic cyclic input is characterized by the response in the frequency domain, which is characterized mainly by the maximum frequency that can be sustained by the system, and the phase lag between the input and output signals. Additionally, for discrete-data controllers, such as computer-based systems or those incorporating sampiers (e.g., multiplexers), the system performance may be influenced by the sampling rate (i.e., the rate of output sampling) and the loop-closing rate (i.e., the rate at which the control signal is updated).
Components and Parameters of Closed-Loop Control

The PID Controller
The most common testing machine configuration is that shown in Figure lb , where the controller is in series with the controlled process. This setup, called series compensation, will be the only one considered here. In such a system, the negative feedback controller generates a control signal that, in its simplest form, is given by: 
where the second and third terms are the integral and derivative elements, and parameters K~ and K D are the integral and derivative gains, respectively. Each element of the PID controller performs a specific function, which is discussed in the following paragraphs. The proportional element governs the dynamic behavior of the system. A sluggish system response, characterized by a long rise time (Figure 2) , is improved by boosting the control signal, that is, by increasing Kp. However, a very large Kp tends to make the system unstable or to decrease the damping of the oscillations (i.e., settling time).
The integral element reduces the steady-state error, because the integration over time makes it sensitive to the presence of even a small error. In stable systems, integral control improves the steady-state error by one order; for example, if the error is constant for a certain input, the integral element reduces it to zero. This is especially useful for increasing system accuracy during slow and low-frequency tests and for maintaining the mean level of high-frequency input signals. Additionally, an increase in K I leads to an increase in the damping (i.e., decrease in the oscillations in the transient response). However, this occurs at the expense of the rise and settling times that also increase. These effects are shown in Figure 3 performance in high-frequency operations. By using the slope of the error, the derivative element anticipates overshoots and takes corrective action before they actually occur. Therefore, this element is used mainly for decreasing the maximum overshoot and for damping the oscillations in the transient response (see Figures 2  and 3 ). Obviously, it affects the system only when there is a significant change in the error and, therefore, does not improve a constant steady-state error. Since it uses the slope of the error signal, the derivative control accentuates any high-frequency noise that enters the system (e.g., from transducers). The use of the PID controller with a proper choice of parameters produces satisfactory results in most testing systems. Nevertheless, modifications are sometimes made for specific purposes [7] . For example, the velocity of the controlled variable is used by the controller, instead of the derivative element, in systems where it can be measured directly (i.e., without differentiating the output with respect to time). This process, known as rate feedback control, improves the damping and suppresses the occurrence of large overshoots in the initial transient response.
Another improvement of the PID controller is the inclusion of feedforward compensation [8, 9] . This provides an additional degree of freedom and quickens its reaction to sudden changes in input, especially during high-frequency loading. It also improves system fidelity when working with soft specimens in load control, with large actuators, heavy fixtures, and moving load cells. An example of PID loops that incorporate feedforward control is shown in Figure 4 [10] .
Tuning of the Controller
As mentioned previously, the testing system includes the specimen, transducers, and loading fixtures, all of which vary from one test configuration to another. This implies that the gains should be chosen properly for each setup to get the best performance from the controller. This process is called tuning or loop shaping and can be performed on the specimen before starting a test or on a dummy with characteristics similar to the test specimen.
The procedure for achieving appropriate levels of tuning in each system is that recommended by its manufacturer. However, most of them have the same basic principles [7] . Generally, a low-amplitude, lowfrequency square wave is imposed as the input, with an amplitude of less than 5% of the maximum test signal amplitude and with a frequency of 1-5 Hz. Obviously, it should be ensured that the magnitude is small enough, to avoid damaging the specimen. A square wave is used as the input during tuning because it demands the maximum system response. When the tuning is carried out manually, the input and the response (i.e., the output) have to be monitored accurately, for example, with an oscilloscope. In many digital controllers, it is also possible to tune the system automatically.
The objective of the tuning is to obtain a combination of the gains that gives the best system response. The following, for example [11] , is one suggested procedure for tuning a controller:
• The integral and derivative gains are set at zero.
• Kp is increased until there is a small overshoot in the square-wave response. • K o is increased until the overshoot decreases to a minimum non-zero value.
• Kp is decreased until the overshoot disappears.
• Finally, K s is increased until there is a small undershoot in the transient response.
It should be noted that for some types of tests the square wave may not be the best input for tuning the controller. Therefore, it is advisable to additionally check the level of tuning with the actual test input. Also, tuning should normally be performed for all the controlled variables to be used during the test. The exception to this is stroke (or position) control, which is practically independent of specimen characteristics. Even in a robust testing machine, which can be used for significantly different materials and structures, changes in the specimen stiffness during the test may require several significant modifications to the gains in order to ensure stability. Most modern controllers permit such changes, but they normally have to be made ~ manually. To eliminate this drawback, attempts are being made to adjust the gains automatically and continuously during the test. Such a procedure is called selftuning or adaptive control [11, 12] . According to Hinton [12] , a properly designed adaptive controller will eliminate the need for tuning before each test and automatically compensate for changes in the specimen stiffness.
One automatic tuning method continuously updates the gains to accommodate changes in specimen stiffness [11, 13] . The initial values of the gains are obtained through conventional tuning before the test. The controller makes real-time estimates of the specimen stiffness from the output signals that are utilized to correct the gains using relations, such as the following given by Malkin [11] :
where Ssf and Sa are the combined specimen-frame stiffness and the actuator stiffness, respectively, and the arguments 0 and t denote initial and real-time values. Equation 3 is given for load control but similar equations can be formulated for other controlled variables. The integral gain is also updated using a similar equation. It has been stated [11] that the derivative gain does not have to be updated because it is not affected by specimen stiffness. Another method used for controlling repetitive cyclic loading is called amplitude control [13] . Here, the input signal is modified by the controller, before the PID operations, to yield the desired amplitude of the waveform. This is done through an outer loop that operates on the difference between the actual and desired amplitudes, instead of on the error signal [7, 13] . At least one cycle of loading has to be performed before the amplitude can be modified.
As seen in eq 3, the system has to be tuned whenever there is a significant change in the characteristics of the specimen, frame, or loading fixtures. More importantly, it appears that the gains have to be updated only when the change in specimen stiffness is significant compared with the frame stiffness. This explains the reason why gain updating is not needed during most of the tests conducted with very stiff frames, actuators, and load cells. The influence of specimen stiffness also depends on the controlled variable, as can be deduced from eq 3. Under load control, a decrease in stiffness lowers the level of tuning, leading to more sluggish response and the application of a much higher load than intended. The inverse occurs under displacement control where a decrease in stiffness may lead to higher than optimum gains causing instability.
Actuators and Servomechanisms
Two types of actuators are normally used to apply compressive, tensile, and torsional loads. They are those with helicoidal screws driven by electric motors and those driven by hydraulic pressure. Early testing machines were mainly of the former type, namely electromechanical. Though such machines continue to be used, hydraulic actuators are utilized for higher loads and loading rates. When the actuator is part of a closedloop testing system, it is manipulated by the controller through a servomechanism. The function of this device is to drive the actuator such that its movement is proportional to the control signal. Consequently, closedloop controlled systems are also known as servocontrolled systems. The discussion here will be limited to linear actuators, which are more common than rotary actuators.
Screw-Driven Actuators
Electromechanical actuators are screws powered by reversible motors, with DC motors predominating in systems that require high power and fast response. For example, geared variable-speed DC motors are used in the biaxial machine of Boehler et al. [14] to drive 100 kN actuators at velocities of up to 0.3 mm/minute. Another type that is used in closed-loop controlled systems is the DC stepper motor. This is a digital device that converts pulse inputs into analog shaft rotation, with the angle of rotation being proportional to the number of pulses received. Its use is similar to other motors, except that a pulse generator is required to convert the command signal into digital pulses. In general, servomotors with built-in CLC hardware function better than other motors [15] . Because the performance of CLC in an electromechanical system depends on the servomotor, it is also affected by the deadband of the motor, which is the minimum signal needed for the motor to respond. The reader is referred to Miller [16] for a more detailed treatment of servomotors. Modern electromechanical actuators [17] have nonrotating screws driven by rotating ball nuts. These systems have low load capacities (normally less than 500 kN) and operate at rates of up to 1 Hz. In this range, they have some advantages over hydraulic actuators, such as lower cost, higher stiffness, greater long-term stability, lower power consumption, and the absence of hydraulic noise and stick-slip. The configuration of a typical electromechanical testing system with CLC is shown in Figure 5 .
Older open-loop electromechanical systems with gear boxes can also be retrofitted with DC servomotors [15] . For example, a 90 kN machine at Arizona State University (Tempe) was retrofitted satisfactorily with a brush servomotor with a capacity of 2 N-m of continuous torque and 9.5 N-m of peak torque. The rotation of the motor was measured using an optical encoder, with a resolution of 0.09 °. The control signal was generated and transferred to the motor through a PC-based servocontroller interface.
Hydraulic Actuators and Servovalves
Hydraulic actuators are of two classes: single-acting (Figure 6a ), where the load is proportional to the ap- plied pressure, and double-acting (double-ended as in Figure 6b or single-ended), where the load is proportional to the difference between the pressures in the two chambers of the actuator. Single-acting actuators are normally used in open-loop systems, where the pressure produced by the p u m p is controlled directly. Further discussion will only treat the more sophisticated double-acting actuators that are governed by electrohydraulic servovalves under CLC. A typical two-stage servovalve is shown schematically in Figure 7 . Its function is to provide the actuator with oil at a flow-rate that is proportional to the control signal. Though its design is quite intricate, the mechanics are quite straightforward [5, 18] . Two of its ports are connected to a pump; one to the pressure outlet, which provides oil at a constant pressure (normally 21 MPa), and another to the return inlet. Two other ports of the valve are connected to the pressure chambers of the actuator. The controller communicates with the servovalve through a valve-driver. When the control signal is applied to the servovalve coil, it produces an electromagnetic force that tilts the flapper in the direction specified by the sign (i.e., the polarity) of the error. Consequently, the flow through one nozzle increases and the flow through the other decreases. This causes a pressure difference that displaces the spool, with two effects: [1] it moves the actuator by forcing oil at high pressure into one chamber of the actuator and returning oil from the other to the pump; and [2] it applies a feedback torque that forces the flapper back toward its null position. The process continues until the feedback torque is in equilibrium with the torque produced by the control signal. At this point, the flapper reaches its null position, the difference in pressure produced by the unequal nozzle flows is eliminated, and the spool returns to its null position. As long as the control signal is zero, the spool remains in this position keeping the actuator stationary. Normally the equilibrium state is only instantaneous, because a non-zero control signal is continuously generated due to changes in the input or the specimen response.
Servohydraulic Testing Machines
The Electronics
The basic components and the configuration of a typical testing system are represented in Figure 8 . The first component that is activated during a test is the function generator, which produces the reference input chosen by the operator and transfers it to the controller. Besides the input signal, the controller also has continuous access to the output of the controlled variable. It uses these two signals to generate the control signal that governs the servovalve. The controller can be of two basic types: analog, where, theoretically, the loop is always closed, or digital, where the loop is closed in the order of 5000 times every second. It appears that such a loop-closure rate is sufficient for conducting stable tests, even on brittle materials like rock and concrete [2] . It should be noted that even when the controller is digital, some analog components such as transducers are used in the testing system. Electronic controllers should be unaffected by the noise generated by random variations of the signals within its various components [19] . Three frequency ranges can be used to classify such noise: [1] the 0.1-10 Hz range, due to thermal fluctuations and the inherent noise of the components; [2] the 10-500 Hz range, due to interferences from the power supply frequency and its harmonics; and [3] frequencies of 500 Hz and above, due to carrier frequencies and digital switching, which do not affect the usual system because this is beyond the frequency range of its response. In general, noise should be maintained at less than 0.25% of the full transducer range.
Another important aspect is the measurement of the controlled variable [2] . One characteristic of the specimen behavior, such as a load, displacement, deformation, velocity, or acceleration, is chosen as the controlled variable (see the section on "Utilization of CLC for the Testing of Concrete" for a discussion on the selection of the controlled variable). Usually, the output of the controlled variable is measured by a transducer that is in contact with the specimen, such as a load cell, displacement gauge, and extensometer, or is connected to the piston, such as a Ap cell for measuring the applied pressure or a displacement sensor for measuring the stroke. Recently, noncontacting transducers have also been used to monitor the controlled variable, especially in very small specimens, for large gauge lengths or in harsh environments. These are based on imaging or laser projection techniques, where the distance between two reference targets on the specimen is scanned continuously [20, 21] . Also, the acoustic emission rate, due to the damage induced in the specimen, has been used as the controlled variable [22] . Alternatively, the controlled variable can be a combination of measurements, such as the linear functions of load and axial displacement used by Okubo and Nishimatsu [23] , and Rokugo et al. [24] for controlling compression tests. It may sometimes be necessary to change the controlled variable in the course of the test. For example, the controlled variable could initially be the applied load and later be changed to displacement when the specimen begins to undergo significant deformation (see subsections on "Compression Tests" and "Tension Tests"). This process is known as control mode transfer (or switching). In a test requiring mode transfer, the output of each controlled variable has to be fed to a different channel of the controller. The transfer is quick and "bumpless" as long as the control signal (see eq 2) does not vary abruptly during this change. This is achieved, in most controllers, by making the control signal of the new channel equal to the current control signal, at mode transfer. It is normally done by manipulating the set point, which is an offset applied to the input signal produced by the function generator. The following explains two of the typical methods used in commercially available controllers. Consider an analog system (MTS 458 controller) that has a single function generator and permits mode transfer without interrupting the test. In this case, the control signal at mode transfer depends on the input from the function generator, the set point, the controlled variable output, and the gains of the control channel. The transfer is made by manually modifying the set point on the new channel until its control signal is the same as that of the current channel. Next, consider a digital system (INSTRON 8500 controller) that has a function generator for each channel. Here, as soon as mode transfer is initiated, the test is interrupted and the function generator is switched off. Simultaneously, the set point of the current channel is automatically made equal to the output of the current controlled variable. This zeroes the error and control signals. On transfer to the new channel, the set point is automatically made equal to the output of the new controlled variable. This maintains the zero control signal. The function generator of the new channel can then be started to continue the test.
Since the output of the controlled variable governs CLC, the quality of its signal needs to be very high. Any drift (i.e., variation in the signal independent of specimen behavior) is wrongly interpreted by the controller as specimen response, and compensatory action is taken. Also, the transducer range should be chosen properly to get maximum precision and to keep the level of noise much lower than the output produced due to the specimen response. When a transducer is used to control a test, the polarity of its output should be matched with the actuator motion. The use of reverse polarity (i.e., opposite to that needed) drives the actuator in the wrong direction, which increases the error causing instantaneous loss of control and probably catastrophic failure due to application of very high dynamic loads. Damage to the equipment and operator due to this and other possible problems can be reduced by the judicious use of output and error limiters.
The Hydraulics
The ability of a testing system to respond accurately to the controller depends largely on the characteristics of the servovalve. For a given input signal and actuator capacity, the valve performance depends on its rating (i.e., maximum flow-rate), which generally ranges from 5 to 1500 L/minute. Large valves are used in dynamic systems, because rapid actuator movement requires greater oil flow. Smaller ones are more sensitive and stable and are used in static systems, where they control pressure rather than flow [25] . The capacity of the pump is chosen to produce sufficient valve flow during normal operation. Sudden demands for greater volume, due to abrupt actuator movement, can be compensated by membrane-type accumulators that are precharged with nitrogen. High-flow servovalves have to be closecoupled to such accumulators for obtaining stable and noise-free hydraulic power [26] .
For a servohydraulic system to function satisfactorily, the valve must be properly balanced. That is, the spool should be in its null position when the control signal is zero. When the servovalve becomes unbalanced, the actuator drifts and does not remain stationary. Though small imbalances can be offset with an increase in the integral gain, it is always advisable to keep the valve perfectly balanced. Another problem that can occur in servovalves is silting, which is the accumulation of fine sedimentary material after long periods of use. This redistributes the flow within the valve and may cause oscillations in the response due to erratic or "sticky" spool movement. This phenomenon can be rectified by adding a high frequency oscillation, called dither, to the control signal, which breaks up and prevents silting by keeping the spool in constant motion. The resulting actuator vibration is minimized by applying a dither signal of very high frequency (about 500-900 Hz) and very low magnitude (about 0.1% of the range). The dither is especially useful in long-term and low-frequency operations where actuator motion is minimal.
Servohydraulic actuators have been used to produce very high loads (up to 30 MN [9] ) and loading rates. Their maximum velocities are limited by the capacities of the servovalve, pump, and accumulator(s) and are indicated by the theoretical performance curves provided by the manufacturers. The typical curves shown in Figure 9 demonstrate that higher frequencies are Frequency (Hz) 1000 FIGURE 9. Theoretical actuator performance curves.
achieved at smaller displacements and loads. Higher servovalve ratings result in better performance, which is characterized by a shift in the curves to the right ( Figure 9 ). Another component of the actuator that can affect the performance is its seal, whose friction, stickslip, and leakage characteristics are important factors, especially in low-amplitude, high-frequency tests [25] .
The Mechanics
The mechanical configuration of the system is important for obtaining good performance. The test frame, against which the actuator and the specimen react, should be designed with a minimum number of connections and moving parts, and the system stiffness should be as high as possible to ensure maximum stability during the test. Higher stiffness also allows the application of load with minimum actuator movement and time. It should be noted that the stiffness of the system includes the effects of all its components including the actuator, load frame, load cell, the oil column, the hydraulics, and the loading fixtures. Note that the oil pressure also has an effect, because a lower hydraulic pressure leads to smaller deformations of the oil column and a higher overall stiffness [9] . A thorough discussion of the stiffness and its influence has been presented by Hudson et al. [2] .
Utilization of CLC for the Testing of Concrete
Motivation
Experimental procedures for the characterization of concrete properties have improved rapidly in scope and precision since the 1970s. This trend has been driven by the increasing use of experimental methods, especially by materials engineers and scientists. Moreover, developments in cement based composites, such as highstrength concrete, fiber-reinforced concretes, and macrodefect-free cements, have necessitated more versatile test procedures. On the other hand, enhancements in computational power have permitted the formulation of sophisticated material models and analysis techniques, which often require complicated tests for their calibration and verification. Obviously, the characteristics of a test setup are dictated by the objectives of the experiment. Material characterization is motivated by the need to quantify fundamental behavior, especially nonlinear inelastic mechanisms such as fracture, dilatation, creep, localization, and damage, and the influence of temperature, pressure, humidity, and confinement. Since these aspects are intricately interrelated, tests have to be conducted under complex conditions to isolate their effects. On the other hand, the testing of structural elements is aimed at directly verifying their performance under service and failure conditions. It is also essential for determining their ductility, fatigue, and seismic resistance. Additionally, the database that is generated by the test results provides the information necessary for validating code provisions and analysis techniques. Therefore, in structural testing, there is a need for the accurate application of monotonic, sustained, and cyclic loads.
For any type of test, the best possible system performance can be achieved only with a thorough understanding of the testing machine, a properly designed test setup, and an appropriate controlled variable. The usual options for the latter are: actuator displacement _ ~ (or stroke), load, specimen deformation, or a combination of these. For ensuring stable control of the test, the controlled variable should be a parameter that is sensitive to the failure of the specimen. In other words, it should increase monotonically as long as it is being controlled. For brittle materials, such as concrete and rock, the displacement of the specimen along the direction of the least principal stress is generally the best choice [2] . In most specimens, this corresponds to the direction of maximum tensile stress and the direction perpendicular to crack propagation. The criteria for selecting the controlled variable and other practical considerations are discussed in the following subsections for different configurations.
Compression Tests
The uniaxial compression test is undoubtedly the most common method for characterizing concrete. Although it is conventionally used only to obtain the maximum stress (i.e., strength) and the modulus of elasticity, the test can be extended into the postpeak regime to determine the entire load-displacement response. Two classes of behavior are then observed, one where the axial displacement always increases (curve I in Figure  10 ) and the other where there is a snap-back, that is, a decrease in displacement during the descending part (curve II in Figure 10 ). They will be referred to as class I and class II, respectively, following the classification used in rock mechanics [2] .
The load-displacement curve observed experimentally is often used to obtain the complete stress-strain relation of concrete in compression. This led to the identification of the phenomenon known as strain softening, suggested first by Whitney in 1943 (cited in ref 2), which is the gradual decrease of stress with an increase in strain. However, the interpretation of the stress-strain curve thus obtained is not straightforward, because its postpeak part is influenced significantly by the specimen geometry and loading setup. Moreover, the postpeak deformation is not homogeneous but is localized within a narrow zone that undergoes progressive dam- age and cracking. Due to these reasons, the stress-strain curve beyond the peak has not been accepted as the true behavior by several researchers [27] . Nevertheless, it is now widely believed that strain softening is a characteristic of the material behavior, and methods to quantify it properly are being developed.
The test configuration needed for obtaining the stable postpeak response in compression depends on the behavioral class. The options available for the controlled variable are stroke, axial displacement, transversal displacement, and their combinations. (Load control is obviously excluded, because it will not permit the decrease in load after the peak.) Class I behavior can be determined by controlling the actuator displacement. However, the stiffness of the testing system should be high enough to ensure that the energy released by the machine is lower than that consumed by the specimen during deformation. This stability condition can be stated as [2] :
where k m is the system stiffness and f' (8) is the slope of the load-displacement curve f (8) . Another alternative for maintaining stability is to ensure that the system never unloads (i.e., the total applied load never decreases). This method was used during the 1960s and 1970s to obtain the postpeak compressive response, by loading the concrete specimen in parallel with steel bars or tubes [28, 29] . In servohydraulic systems, the class I postpeak response can be obtained by using axial displacement as the controlled variable. This is measured between the loading platens or directly on the specimen (see Figure  11 ). When the postpeak response exhibits snap-back "t constant axial displacement rate to a constant circumferential displacement rate when a certain circumferential displacement is reached. Obviously, when circumferential deformation control is used, the test could be lost if the damage localizes within a zone that is completely outside the plane that is being monitored. This problem is not common but could occur in slender specimens or very weak concretes that crush near the loaded faces. Stable control in class II specimens can also be achieved by using a linear combination of the load and displacement outputs as the controlled variable. The performance of the CLC is not compromised as long as this operation is quick or completely analogic, that is, without any time-consuming digital computations [26] . This method of control was first proposed for tests of rock by Okubo and Nishimatsu [23] . They used the linear combination of e-cr/E' as the controlled variable, where e axial strain and (y applied stress. The value of E' was chosen to satisfy the following stability condition:
(i.e., class II behavior), the controlled variable should be a displacement that is more sensitive to the progressive damage than the axial displacement. Such quantities include the circumferential deformation and combinations of load and axial displacement that increase monotonically during the test. One of the first works to use CLC for determining the postpeak response of concrete under compression was that of Shah and coworkers [30] . They measured the circumferential deformation of cylindrical specimens using a wire wrapped around them. The ends of the wire were connected to a displacement transducer whose output was used as the controlled variable. More sensitive devices, such as chains with rollers for minimizing friction, are now available for readily monitoring circumferential deformation. Figure 12 gives the typical curves obtained by Jansen et al. [31] using circumferential deformation as the controlled variable in tests of concretes with compressive strengths ranging from 35 to 95 MPa. These plots show that while lower strength concretes exhibit class I behavior, the tendency toward class II behavior increases with the strength. More importantly, the circumferential deformation always increases throughout the test.
In some cases, the increase in circumferential deformation may not be sufficiently sensitive to the loading during the prepeak regime [31] . This can be handled by initially using load or axial deformation as the controlled variable and then switching to circumferential deformation control when the specimen begins to dilate significantly. Figure 13 shows the stable response obtained in a test where the control is switched from a Epr e < E' < Epost [5] 100
where Epr e minimum tangential prepeak stiffness and Epost maximum tangential postpeak stiffness. Rokugo et al. [24] developed a similar procedure by combining load and axial displacement. They utilized this technique in stable tests of high-strength concrete. The advantage is that it does not require the measurement of circumferential deformation. The disadvantage is that it requires a reasonable a priori estimate of the specimen response. Alternatively, axial and lateral displacements can be combined [32, 33] to create a signal with high sensitivity throughout the test --due to the axial component in the early prepeak regime and due to the circumferential component during the postpeak regime. In any case, load and axial displacement are monitored and recorded independently for obtaining the specimen response.
Tension Tests
The entire load-displacement curve of concrete under uniaxial tension was first obtained in the 1960s. Tests of concrete plates, for example, were performed by loading them in parallel with steel bars [34] to avoid unstable failure after the peak. However, such passive methods of control do not always yield accurate results [351.
Under tensile loading, the deformation of concrete increases homogeneously at first, but near the peak load it localizes within a planar region that develops as a crack. The region outside the crack unloads while the crack continues to open. Therefore, the total loaddisplacement response normally exhibits snap-back (like in class II compressive behavior) due to the large unloading region. Unlike in compression, the localized zone in tension is narrow and does not necessarily pass through the middle of the specimen. This makes the test quite difficult to control. One approach [36] that has been used to obtain a stable response is based on the "dog-bone" specimen, that is, a specimen with a smaller cross-section over the central part. This ensures that the crack occurs within the zone of reduced section. When the displacement over this zone is measured, the corresponding load-displacement curve is often free from snap-back (because most of the unloading material lies outside the gauge length). This displacement can then be used as the controlled variable. The concept of the dog-bone specimen has also been extended to the limit case of the notched specimen, which is treated in the subsection on "Fracture Tests."
Another problem in tension tests of plate specimens is that the crack rarely propagates simultaneously from both the edges. This implies that the displacement should be monitored on both sides of the specimen with two transducers and that the controlled variable has to be the sum of the absolute values of their outputs (i.e., without taking into account the signs of the signals).
Li et al. [35] recently developed an elaborate procedure for performing a stable test on a concrete plate under centrically applied tensile loading, which avoids the problems discussed earlier. Several displacement transducers, two in their case, are placed end-to-end over each edge of the specimen. The responses of all four transducers were monitored continuously. The control was switched manually such that the controlled variable was always the output of the transducer with the maximum increase in displacement. They found that all four transducers initially provided the same displacement but the deformation ceased to be uniform when the load was between one third and three quarters of the peak load. By always using the transducer output with the largest rate of increase, the test was conducted in a stable manner and the load-displacement of the cracked zone was successfully obtained.
Another recent application of CLC was aimed at eliminating all bending effects in the direct tension test. Carpinteri and Ferro [37] used a system with three independent servohydraulic actuators to test dog-bone shaped concrete plates. The axial deformations of the specimen were measured with four transducers, one on either side of each edge. The main actuator applied load
centrically through a steel bar to which the top end of the specimen was glued. The bottom end of the specimen was glued to another steel bar, which was fixed to the frame of the main actuator. A second actuator, fixed to the top of the same frame in the plane of the specimen, applied an eccentric load to the top of the specimen to eliminate in-plane bending. A third actuator, on a separate frame, applied load to a steel bar fixed perpendicularly to the top of the specimen, such that there was no out-of-plane bending. A different controlled variable was used for each actuator: for the main actuator, it was the sum of all the four displacements (i.e., four times the average displacement); for the second actuator, it was difference between the average displacements of the two specimen edges (i.e., displacement due to in-plane bending); and for the third actuator, it was the difference between the average displacements of the two wider sides of the specimen (i.e., displacement due to out-of-plane bending). Using this scheme, it has been demonstrated that bending over the center of the specimen can be avoided completely. The indirect tension test or the Brazilian splitting test is more commonly used than the direct tension test due to its simplicity. This test is normally conducted in load or stroke control and is unstable after the peak. Therefore, the maximum load is the only useful data obtained. However, the determination of the entire loaddisplacement response can provide further information about the behavior of the concrete. Cho et al. [38] studied the postcracking behavior of fiber-reinforced concrete using stable splitting-tension tests of cylinders. They mounted a displacement transducer across each of the two flat faces, along the diameter perpendicular to the loading plane. These transducers monitored the most critical deformation of the specimen, that is, the displacement across the crack (or failure) plane. The tests were started in load control and later the controlled variable was switched to the average of the two displacement transducer outputs to obtain a stable response. This was also achieved by Castro-Montero [39] using the sum of load and diametrical deformation as the controlled variable. Recently, splitting-tension tests of cylinders have been conducted at the Universitat Polit6cnica de Catalunya (Barcelona) under crack-opening control. A displacement sensor is placed across the potential failure plane on one of the flat faces, and this output is used as the controlled variable. In this manner, stable pre-and postcracking responses of highstrength concrete specimens, with and without fibers, have been obtained. The response most difficult to control was at the peak, when the crack is initiated. Because the displacement of only one face was used to control the specimen, the length of the cylinder had to be limited to about 100 mm to avoid nonsymmetric crack initiation and consequent loss of control. Relatively high proportional and derivative gains were used to ensure stable control.
Fracture Tests
For the present discussion, fracture tests are those performed on specimens with notches or initial cracks, where the behavior is governed exclusively by cracking. As such a test progresses, the deformation localizes at the notch and is followed by crack propagation. Since the critical deformations are those of the crack itself, the best controlled variable in fracture tests is the crack opening or a similar displacement.
Fracture tests are conducted under several loading configurations. Those that involve only opening or tensile displacements along the crack are called mode I tests. Fracture tests that also involve crack sliding or shear displacements are called mixed mode tests. It is generally easier to perform mode I tests and to interpret their results. Moreover, since the tensile strength of concrete is relatively low, the mode I response is most important. The ideal mode I configuration is the notched panel under pure tension, but this is a difficult test to design and to conduct [40] . Gopalaratnam and Shah [41] performed tension tests on double-edge notched plates where the controlled variable was the average of the two notch (or crack) mouth opening displacements. With this arrangement, they could achieve stable control even in the postpeak regime. The average of the two displacements had to be used, instead of just one of them, because the crack propagation was not symmetric. A similar procedure was used by Cornelissen et al. [42] for determining the fracture response under cyclic tension-tension and tension-compression loading.
The most popular mode I test configuration for concrete is the notched beam loaded at midspan. The test is best performed under CLC with crack mouth opening as the controlled variable [3] . Two RILEM recommendations [43, 44] for determining material fracture parameters are based on the stable postpeak response obtained using crack opening control. Another similar application of crack opening control is in the toughness characterization of fiber-reinforced concretes. This has been demonstrated by Khajuria et al. [45] and Gopalaratnam and Gettu [46] .
Mixed mode fracture tests are normally conducted in single actuator systems with considerations similar to mode I tests. However, multi-axial testing systems (discussed further in a separate subsection) have to be used for controlling the tensile and shear modes separately. In tests of concrete panels, Reinhardt et al. [47] used the biaxial system at Delft Technical University to apply tensile/compressive loads in two directions, along the notch plane of the specimen and normal to it. Two displacement transducers were used to measure the deformations across the crack plane. The average output was used as the controlled variable for the actuator in the direction of the crack opening. The actuator in the other direction, which produced shear loading along the notch plane, was manipulated independently under load control. The same machine was used by NooruMohamed et al. [48] to study the influence of the loading path on mixed mode fracture, for example, the increase of tension under constant shear versus the proportional increase of tension/shear loads.
Fatigue, Creep and Relaxation Tests
The application of cyclic (fatigue) loading almost always requires, and benefits considerably from a servohydraulic closed-loop controlled system. Such machines permit the determination of the material and structural response for a wide range of loading histories and frequencies. The input signals that are normally produced by in-built function generators are sinusoidal, triangular, trapezoidal, and square waves. However, user-defined inputs, such as service-recorded histories and random signals, can also be introduced, especially in computer-based systems. The most common controlled variable used in fatigue tests is load. Outputs from other transducers can also be used for control, but their fidelity should be verified for high loading rates and frequencies.
Long-term creep tests (with constant applied loads) are generally not performed in hydraulic machines, but short-term creep tests at high loads can benefit from the accuracy of the CLC. On the other hand, (stress) relaxation tests are almost impossible to conduct without CLC. These tests are conducted by holding the displacement or strain at a constant value. However, care should be taken to eliminate time-dependent drift in the transducer output, which is treated by the CLC as specimen response leading to undesired corrective action. Relaxation tests can be performed in almost any loading configuration. For example, Ba~ant and Gettu [49] studied load-relaxation in notched concrete beams at various stages in the pre-and postpeak regimes. They held the crack opening displacement constant and recorded the consequent drop in the applied load as a function of time.
Multi-Axial Tests
In a single actuator system, there is one controller and one servovalve for driving the actuator and one controlled variable. Multi-axial testing, with two or more loading axes, requires additional actuators, valves, and transducers. Besides the features discussed previously for single actuator systems, two other considerations are important in the control of multi-axial systems: the interaction between the axes and the interaction between two actuators of the same axis.
The master-slave mode is normally used to coordinate the actions of the various axes. One of the axes, denoted as the master, is governed independently by the control signal. The other (slave) axes maintain prescribed ratios between the outputs of the slave and master axes or simply maintain constant outputs. Nevertheless, there is always the potential for mechanical interaction or cross-talk between the axes, because they are virtually linked to each other through the specimen. For example, in a multi-axial compression test [50] , the motion of the master axis evokes (shear) reactions from the other stationary axes, causing different loads in the two actuators of the master axis. This difference will then be compensated by the master axis controller producing an undesired loading condition. Proper design of the test setup can, however, reduce such effects.
In the Eindhoven triaxial testing system [51] , problems associated with axis interaction and nonsymmetric specimen displacement are reduced by using independent frames for each axis. The three frames are suspended from a larger frame so that they can move in the horizontal plane, with respect to the specimen and to each other. Each axis has a servohydraulic actuator that is governed by an independent controller. In the tests conducted by van Mier [51] on cube specimens, the master axis was controlled to maintain a constant actuator displacement rate. When constant displacement ratios had to be maintained, the slave controllers also used the actuator displacement as the controlled variable. When it was necessary to maintain constant stress ratios between the master and the slave axes, the load of the master axis was scaled down and fed as input to the other controllers (functioning under load control).
For multi-axial tests where significant specimen displacements are expected, the optimum system should have two actuators in each axis (as, for example, in the triaxial testing machine at the Laboratoire de Mecanique et Technologie, Cachan, France). Accordingly, there will be two valves and two control signals for each axis leading to mechanical and electronic interactions between the actuators of each axis. Mechanical interaction occurs due to the loading and the specimen response. Electronic interaction between the two actuators is intentional and imposed for the purpose of synchronization and for maintaining loading and specimen symmetry. One scheme used for providing such interaction is called matrix control [50] . This is intended to keep the center of the specimen in the same position and to minimize the generation of shear forces due to cross-talk. The controlled variable during the test is the average load, average specimen displacement, or total stroke. The primary control signal is applied to one of the actuators. To the other servovalve, the controller applies, in addition to the primary signal, a secondary control signal that is derived from the difference between the displacements of the two actuators. This keeps the actuators in "balance," reducing the difference between their loads and strokes. Note that the polarity of the output signals can be different in each actuator and should be taken into account.
Tests of Reinforced Concrete Structures
The performance of structural elements and systems must often be evaluated directly. For this purpose, fullscale structures or smaller models are tested under service a n d / o r failure conditions. The complexity of the test depends on the type of structure and the data required from the test.
Generally, reinforced concrete structures that exhibit ductile failures are easier to test from a control standpoint. On the other hand, when the failure is brittle, for example, in the crushing (compression) failure of a reinforced concrete beam, the use of CLC is imperative. In this case, stroke control is inadequate, and the controlled variable must be one that represents the deformations of the compression zone. Similarly, in beams failing under shear or diagonal tension, the propagation of the shear crack causes a snap-back in the loaddeflection response. Consequently, neither stroke nor deflection can be used as controlled variables. In an ongoing study at Northwestern University (Evanston, IL), diagonal shear tests of high-strength concrete beams were conducted under combined displacement and crack opening control. Three transducers were distributed across each span to measure deformations along the direction of the application of the load ( Figure  14) . The sum of the midspan displacement and twice the transducer outputs was used as the controlled variable. Stable postcracking response was obtained in spite of the nonsymmetric failure due to crack propagation in only one span. This was because the crack tip was always near at least one of the transducers causing the sum of their signals to be always sensitive to the crack opening.
Recently, full-scale testing of bridge and building components has been used by Seible [52] to study the effectiveness of rehabilitation measures on existing structures. Monotonic and cyclic loading have been applied with servohydraulic actuators on girders and prototype sections of bridges. In elaborate experimental programs, simulated seismic loading was applied to a half-scale model of the San Francisco double-deck viaduct using 14 servocontrolled hydraulic actuators and to a full-scale five-story reinforced masonry building using 10 actuators. When seismic actions are to be simulated, the input imposed on the actuator is often that recorded during an actual earthquake. Thus, CLC permits the simulation of real loading in laboratory tests.
Servohydraulic systems are also being used in nondestructive modal testing of structures to measure their frequency responses. For example [53] , a 27-story reinforced concrete building was tested by Aktan and coworkers at the University of Cincinnati using a closedloop controlled linear inertia-mass exciter with an outer shell that could be moved to provide a maximum force of about 14 kN in the frequency range of 1.6--20 Hz. The movement of the outer shell (i.e., the active mass) was controlled through a servovalve. The excitation was applied at the base of a column on the 25th floor, and the building response was monitored with accelerometers at eight different floor levels. A forced excitation of about 0.003 g was achieved, leading the researchers to conclude that servohydraulic exciters could be used to actively control wind and earthquake effects on buildings. Servohydraulic vibration generators have also been used for the controlled excitation of several bridges with lengths up to 100 m by EMPA, the Swiss Federal Laboratories for Materials Testing and Research [54] .
CONCLUSIONS
The following conclusions can be drawn from this discussion: , r outlined. It has been shown that the proper understanding of the capabilities, functions, and limitations of the components is essential for the design of testing procedures. 2. The use of CLC significantly increases the scope of testing systems and their accuracy. It provides the operator with the ability to use any quantifiable aspect of the specimen response as the controlled variable. This has led to m a n y new and innovative testing procedures for studying the complex behavior of concrete. As further developments are m a d e in controller and transducer technology, testing systems will become more versatile and powerful, leading to more extensive experimental techniques. 3. CLC is beneficial in both material and structural testing; especially w h e n the stable postpeak response has to be obtained or w h e n cyclic and sustained loading have to be applied. 4. The most important aspect of designing a closedloop controlled test is the choice of the controlled variable. This should always be a characteristic that is sensitive to the failure of the specimen; in other words, it should increase monotonically as long as it is being controlled. Once the appropriate choice has been made, the controller should be properly tuned in order to yield the required performance during the test.
